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In this paper, we loosen the zero equation of state of dark matter to a constant wdm. By using the
currently available cosmic observations which include the type-Ia supernovae, the baryon acoustic
oscillation, the WiggleZ measurements of matter power spectrum and the cosmic microwave back-
ground radiation from the firs release of Planck dat through the Markov chain Monte Carlo method,
we found the equation of state of dark matter in 3σ regions: wdm = 0.000707
+0.000746+0.00146+0.00193
−0.000747−0.00149−0.00196 .
The difference of the minimum χ2 between the ΛCDM and ΛwDM models is ∆χ2min = 0.446 for
one extra model parameter wdm. Although the currently available cosmic observations favor the
ΛwDM mildly, no significant deviation from the ΛCDM model is found in 1σ regions.
PACS numbers: 98.80.Cq, 95.35.+d, 98.70.Vc
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I. INTRODUCTION
The firs release of Planck data improves the quality of
cosmological data extraordinary [1]. It allows us to give
a tighter constraint to the cosmological parameter space.
And the cold dark matter plus a cosmological constant
Λ, the so-called ΛCDM model, can almost agree with
the most recent cosmic observations which include the
type-Ia supernovae (SN), the baryon acoustic oscillation
(BAO) and the cosmic microwave background radiation
(CMB) successfully at large scales. However, it has sev-
eral potential problems on smaller scales [2–6]. How to
explain the discrepancies on large and small scales is cur-
rently still under debate [7]. The warm dark matter has
been proclaimed as a potential solution to the small scale
difficulties of cold dark matter [4, 8–12]. It leaves some
space to an alternative to the cold dark matter model.
The focus point is whether it is cold or warm. Actually,
the hot dark matter was ruled out due to the difficulty
in forming the observed large scale structure. To charac-
terize the properties of warm dark matter, the equation
of state wdm is an important indicator in a fluid per-
spective. And the value of wm should be determined
by the cosmic observations. A significant nonzero value
of wdm indicates the dark matter is warm rather than
cold. In the literature, the equation of state of WDM
was constrained by many groups under the assumption
of a constant wdm, a time variable wdm with a cosmo-
logical constant or w = constant dark energy. For an
example, please see [13–15] and references therein. See
also Ref. [16], in which the difficulties of the small scale
behavior of warm dark matter were pointed out. If the
dark matter is really warm the model parameters would
be different even it were to have the same background
evolution history as that of the ΛCDM model. A differ-
ent large scale structure would form due to the different
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perturbation evolutions. Therefore, the large scale struc-
ture information will be important to break degeneracies
between model parameters and to determine the proper-
ties of dark matter which is the main part of the large
scale structure of our Universe. We would also like to
mention the particle side of dark matter; please see Ref.
[17] for brief reviews.
Thanks to the measurements of WiggleZ Dark Energy
Survey, a total 238, 000 galaxies in the redshift range
z < 1 were measured. These galaxies were split into four
redshift bins with ranges 0.1 < z < 0.3, 0.3 < z < 0.5,
0.5 < z < 0.7 and 0.7 < z < 0.9. The corresponding
power spectrum in the four redshift bins was measured;
for details, please see [18]. We estimate the nonlinear
growth from a given linear growth theory power spec-
trum based on the principles of the halo model; actually
the HALOFIT formula will be used in this paper [19].
At the scale of halo, the growth of halos depends on the
local physics, and not on the details of precollapse matter
and the large scale distribution of matter. Thus, in the
nonlinear regime the growth depends only on the nonlin-
ear scale, the slope and curvature of the power spectrum
[20]. In this paper, we loosen the constraint to a zero
equation of state and investigate the simplest model for
dark matter, i.e. the one with a constant wdm. There-
fore, the main information is stored in the matter power
spectrum. Also we assume the HALOFIT formula is still
suitable for this case, though the formula would be mod-
ified due to the free-streaming of warm dark matter [21].
By a combination of CMB, SDSS BAO, SN and WiggleZ,
the EoS of dark matter will be tested. As results, we did
not find significant deviation from wdm = 0 in 1σ regions.
Actually, this simplest form dark matter was already
constrained by using 580 SN, CMB shift parameter R
and BAO distance parameter A [15] (see also in Refs.
[13, 14]), in which a time variable equation os state
of dark matter was also considered. The authors of
Ref. [14] discussed the degeneracies between model pa-
rameters extensively and found the equation os state
2of dark matter in the range of 1 − 2σ regions wdm =
0.0007+0.0021+0.0041
−0.0021−0.0042 by using the data combination of
WMAP5+SDSS+SNLS. It implies the cold dark mat-
ter wdm = 0 is compatible in the 1σ region. As a re-
visit to the work of Ref. [14] and a comparison to the
work of Ref. [15], here we will use the full information of
CMB, which includes the recently released Planck data
sets, which include the high-l TT likelihood (CAMSpec)
up to a maximum multipole number of lmax = 2500 from
l = 50; the low-l TT likelihood (lowl) up to l = 49;
and the low-l TE, EE, BB likelihoods up to l = 32 from
WMAP9; the data sets are available on line [22]. For the
SN data points as ”standard candles”, the luminosity dis-
tances will be employed. In this paper, we keep to use
the SNLS3 which consists of 472 SN calibrated by SiFTO
and SALT2; for details, please see Ref. [23]. Although
the photometric calibration of the SNLS and the SDSS
Supernova Surveys were improved [24], they are still un-
available publicly. For the BAO data points as ”standard
ruler”, we use the measured ratio of DV /rs, where rs is
the comoving sound horizon scale at the recombination
epoch, and DV is the ”volume distance” which is defined
as
DV (z) = [(1 + z)
2D2A(z)cz/H(z)]
1/3, (1)
where DA is the angular diameter distance. Here the
BAO measurements from WiggleZ are not included, as
they come from the same galaxy sample as the P (k)
measurement. Because the full information of CMB and
WiggleZ power spectrum is employed, a tiger constraint
is expected. Our results will show that it is indeed the
case.
The plan of this paper is as follows: in Sec. II, we
present the main background evolution and perturbation
equations for dark matter with an arbitrary equation os
state. In Sec. III, the constrained results are presented
via the Markov chain Monte Carlo (MCMC) method.
Section IV is the conclusion.
II. BACKGROUND AND PERTURBATION
EQUATIONS
The equation os state of dark matter is given as
wdm =
pdm
ρdm
. (2)
The Friedmann equation for a spatially flat FRW uni-
verse reads
H2 = H20
[
Ωra
−4 +Ωba
−3 +Ωdma
−3(1+wdm) +ΩΛ
]
,
(3)
where Ωi = ρi/3M
2
plH
2 are the present dimensionless
energy densities for the radiation, the baryon, the dark
matter and the cosmological constant respectively, where
Ωdm +Ωr +Ωb +ΩΛ = 1 is respected for a spatially flat
universe.
In this paper, the dark matter is taken as a perfect
fluid with a constant equation os state, and then in the
synchronous gauge the perturbation equations of density
contrast and velocity divergence for the dark matter are
written as
δ˙dm = −(1 + wdm)(θdm +
h˙
2
)− 3H(
δpdm
δρdm
− wdm)δdm,(4)
θ˙dm = −H(1− 3c
2
s,ad) +
δpdm/δρdm
1 + wdm
k2δdm − k
2σdm (5)
following the notations of Ma and Bertschinger [25], in
which the definition of the adiabatic sound speed
c2s,ad =
p˙dm
ρ˙dm
= wdm −
w˙dm
3H(1 + wdm)
(6)
is used. Here the equations are also ready for a gen-
eral form of dark matter. When the equation os state of
a pure barotropic fluid is negative, the imaginary adia-
batic sound speed can cause instability of the perturba-
tions. To overcome this problem, one can introduce an
entropy perturbation and assume a positive or null ef-
fective speed of sound. Following the work of Ref. [26],
the nonadiabatic stress or entropy perturbation can be
separated out
pdmΓdm = δpdm − c
2
s,adδρdm, (7)
which is gauge independent. In the rest frame of dark
matter, the entropy perturbation is specified as
wdmΓdm = (c
2
s,eff − c
2
s,ad)δ
rest
dm , (8)
where c2s,eff is the effective speed of sound. Transforming
into an arbitrary gauge
δrestdm = δdm + 3H(1 + wdm)
θdm
k2
(9)
gives a gauge-invariant form for the entropy perturba-
tions. By using Eqs (7,) (8) and (9), one can recast Eqs.
(4), and (5) into
3δ˙dm = −(1 + wdm)(θdm +
h˙
2
) +
w˙dm
1 + wdm
δdm − 3H(c
2
s,eff − c
2
s,ad)
[
δdm + 3H(1 + wdm)
θdm
k2
]
, (10)
θ˙dm = −H(1− 3c
2
s,eff )θdm +
c2s,eff
1 + wdm
k2δdm − k
2σdm. (11)
For the dark matter, we assume the shear perturbation
σdm = 0 and the adiabatic initial conditions. Actually,
the effective speed of sound c2s,eff is another freedom to
describe the microscale property of dark matter in ad-
dition to the equation os state. And, we should take it
as another free model parameter. The sound speed de-
termines the sound horizon of the fluid via the equation
ls = cs,eff/H . The fluid can be smooth or cluster below
or above the sound horizon ls respectively. If the sound
speed is smaller, the perturbation of the fluid can be de-
tectable on large scale. In turn the clustering fluid can
influence the growth of density perturbations of matter,
large scale structure and evolving gravitational poten-
tial which generates the integrated Sachs-Wolfe effects.
The dark matter is responsible to formation of the large
scale structure of our Universe, so we assume the effective
speed of sound c2s,eff = 0 in this work.
III. CONSTRAINED RESULTS
To obtain the equation os state of dark matter from
the currently available cosmic observations, we use the
MCMC method which is efficient in the case of more pa-
rameters. We modified the publicly available cosmoMC
package [27] to include the perturbation evolutions of
dark matter with a general form of equation os state
according to the Eqs. (10) and (11). We adopted the
seven-dimensional parameter space
P ≡ {ωb, ωc,ΘS , τ, wdm, ns, log[10
10As]} (12)
the priors for the model parameters are summarized in
Table I. Furthermore, the hard-coded prior on the comic
age 10Gyr < t0 < 20Gyr is also imposed. Also, the
new Hubble constant H0 = 72.0 ± 3.0kms
−1Mpc−1 [28]
is adopted. The pivot scale of the initial scalar power
spectrum ks0 = 0.05Mpc
−1 is used in this paper.
After running eight chains for every cosmological
model with different values of wdm on the Computing
Cluster for Cosmos, we show the obtained results in Ta-
ble I. This result is compatible with the previous results
as shown in Refs. [13–15]; however a tighter constraint
was obtained due to the high quality of current cosmic
observational data points and the inclusion of WiggleZ
measurements of the power spectrum. The 1 − D and
2−D contours for Ωm, σ8 and wdm were plotted in Figs.
1 and 2, where the degeneracy between model parameter
Ωm and wdm can be understood easily: the amount of
Ωm at the decoupling epoch is fixed by the CMB power
spectra; to maintain the same early time values of Ωm,
lower present values of Ωm need larger values of wdm.
This implies that the determination of Ωm is vital to pin
down the equation os state of dark matter. The inclusion
of WiggleZ measurements of power spectrum decreases
the values of wdm and σ8 and shrinks the bounds mildly.
For comparison, by using the same data sets combina-
tion, the model parameters of the ΛCDM model were
also obtained as shown in Table I and Fig. 3. The differ-
ence of the minimum χ2 between the ΛCDM and ΛwDM
models is ∆χ2min = 0.446 for one extra model parameter
wdm. Although the currently available cosmic observa-
tions favor the ΛwDM mildly, no significant deviation
from ΛCDM model is found in 1σ regions.
To show the effects of wdm on the matter power spec-
tra, we fix the other relevant model parameters to their
mean values as given in Table I and vary the values of
wdm from the negative to the positive. Their effects on
the matter power spectrum due to different values of wdm
are shown in Fig. 4, where the redshift is fixed to z = 0.
The constrained result showed the values of wdm is very
close to the cold dark matter wdm = 0; then the linear
matter power spectra of them will not be too different
as expected. As shown in Fig. 4, larger negative val-
ues of wdm move the matter and radiation equality to
later times and oscillate the matter power spectra (blue,
dotted line). And large positive values of wdm move the
matter and radiation equality to earlier times and in-
crease the matter power spectrum. Therefore it can be
easily understood that hot dark matter is ruled out due
to the significant difference on the observations of the
4MP Priors ΛwDM (no WiggleZ) Best fit ΛwDM (WiggleZ) Best fit ΛCDM (WiggleZ) Best fit
Ωbh
2 [0.005, 0.1] 0.0220+0.000302+0.000600+0.000787
−0.000300−0.000579−0.000757
0.0220 0.0220+0.000290+0.000576+0.000762
−0.000288−0.000557−0.000738
0.0222 0.0222+0.000242+0.000481+0.000633
−0.000242−0.000474−0.000608
0.0221
Ωch
2 [0.01, 0.99] 0.117+0.00169+0.00341+0.00448
−0.00170−0.00336−0.00442
0.117 0.117+0.00161+0.00323+0.00428
−0.00160−0.00313−0.00408
0.119 0.118+0.00151+0.00295+0.00393
−0.00150−0.00291−0.00379
0.118
100θMC [0.5, 10] 1.0415
+0.000566+0.00112+0.00147
−0.000574−0.00112−0.00145
1.0414 1.0415+0.000571+0.00111+0.00144
−0.000572−0.00113−0.00146
1.0414 1.0416+0.000555+0.00109+0.00143
−0.000556−0.00108−0.00141
1.0415
τ [0.01, 0.8] 0.0895+0.0122+0.0271+0.0361
−0.0143−0.0244−0.0312
0.0969 0.0893+0.0126+0.0263+0.0352
−0.0139−0.0243−0.0318
0.0860 0.0920+0.0123+0.0264+0.0350
−0.0137−0.0242−0.0314
0.0839
wdm [−0.2, 0.2] 0.00102
+0.000814+0.00160+0.00208
−0.000813−0.00161−0.00211
0.000858 0.000707+0.000746+0.00146+0.00193
−0.000747−0.00149−0.00196
0.000491 - -
ns [0.5, 1.5] 0.962
+0.00625+0.0124+0.0163
−0.00628−0.0123−0.0165
0.964 0.963+0.00615+0.0121+0.0161
−0.00606−0.0119−0.0158
0.963 0.965+0.00551+0.0108+0.0140
−0.00550−0.0109−0.0142
0.965
ln(1010As) [2.4, 4] 3.0902
+0.0238+0.0513+0.0686
−0.0270−0.0467−0.0616
3.107 3.0887+0.0240+0.0497+0.0666
−0.0265−0.0467−0.0621
3.0869 3.0897+0.0243+0.0514+0.0679
−0.0269−0.0478−0.0622
3.0713
ΩΛ - 0.709
+0.0120+0.0229+0.0297
−0.0118−0.0246−0.0331
0.707 0.704+0.0115+0.0220+0.0285
−0.0114−0.0235−0.0321
0.695 0.697+0.00948+0.0168+0.0216
−0.00872−0.0176−0.0236
0.698
Ωm - 0.291
+0.0118+0.0246+0.0331
−0.0120−0.0229−0.0297
0.293 0.296+0.0114+0.0235+0.0321
−0.0115−0.0220−0.0285
0.305 0.303+0.00872+0.0176+0.0236
−0.00948−0.0168−0.0216
0.302
σ8 - 0.851
+0.0252+0.0514+0.0682
−0.0254−0.0490−0.0644
0.854 0.843+0.0227+0.0461+0.0623
−0.0228−0.0444−0.0573
0.840 0.824+0.0110+0.0227+0.0304
−0.0121−0.0215−0.0281
0.816
zre - 11.0229
+1.109+2.212+2.898
−1.0991−2.161−2.836
11.684 11.00480+1.101+2.154+2.836
−1.0973−2.146−2.907
10.738 11.192+1.0786+2.156+2.805
−1.0643−2.131−2.840
10.536
H0 - 69.304
+1.0553+2.0665+2.730
−1.0299−2.0829−2.729
69.0552 68.831+0.983+1.952+2.574
−0.977−1.924−2.583
68.186 68.149+0.686+1.332+1.728
−0.684−1.324−1.735
68.127
Age/Gyr - 13.710+0.0653+0.130+0.170
−0.0657−0.127−0.167
13.727 13.738+0.0612+0.123+0.162
−0.0618−0.122−0.157
13.756 13.786+0.0356+0.0688+0.0905
−0.0359−0.0696−0.0890
13.800
TABLE I. The mean values with 1, 2, 3σ errors and the best fit values of model parameters for general relativity and modified
gravity theory, where SNLS3, BAO, Planck+WMAP9 with and without WiggleZ measurements of matter power spectrum are
used.
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FIG. 1. The one-dimensional marginalized distribution on
individual parameters and two-dimensional contours with
68% C.L., 95% C.L. for the ΛwDM model by using
CMB+BAO+SN data points.
large scale structure of our Universe.
IV. CONCLUSION
In this paper, we have investigated the constraints to
the equation of state of dark matter by using the cur-
rently available cosmic observational data sets, which in-
clude the CMB of the first 15.5 months from Planck,
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0.80
0.85
0.90
σ
8
0.2750.3000.325
Ωm
0.0000
0.0025
w
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FIG. 2. The same as Fig. 1, but with the WiggleZ measure-
ments of the power spectrum.
SNLS3, SDSS BAO and WiggleZ measurements of power
spectrum. The previous results were updated. We
have found that the latest data provide the constraints
wdm = 0.000707
+0.000746
−0.000747 at 95% C.L.. This result is com-
patible with the previous results, but a relative tighter
constraint was obtained due to the high quality of the
currently available data points. The difference of the
minimum χ2 between the ΛCDM and ΛwDM models
is ∆χ2min = 0.446 for one extra model parameter wdm.
Although the currently available cosmic observations fa-
vor the ΛwDM mildly, no significant deviation from the
ΛCDM model is found in the 1σ region.
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FIG. 3. The same as Fig. 1, but with the WiggleZ measure-
ments of the power spectrum for the ΛCDM model.
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FIG. 4. The matter power spectra at redshift z = 0 for dif-
ferent values of the EoS of dark matter wdm where the other
relevant model parameters are fixed to their mean values as
shown in Table I.
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